We present the results from the Suzaku X-ray Imaging Spectrometer observation of the mixed-morphology supernova remnant (SNR) HB9 (G160.9+2.6). We discovered recombining plasma (RP) in the western Suzaku observation region and the spectra here are well described by a model having collisional ionization equilibrium (CIE) and RP components. On the other hand, the X-ray spectra from the eastern Suzaku observation region are best reproduced by the CIE and non-equilibrium ionization model. We discuss possible scenarios to explain the origin of the RP emission based on the observational properties and concluded that the rarefaction scenario is a possible explanation for the existence of RP. In addition, the gamma-ray emission morphology and spectrum within the energy range of 0.2−300 GeV are investigated using ∼10 years of data from the Fermi Large Area Telescope (LAT). The gamma-ray morphology of HB9 is best described by the spatial template of radio continuum emission. The spectrum is well-fit to a log-parabola function and its detection significance was found to be ∼25σ. Moreover, a new gamma-ray point source located just outside the south-east region of the SNR's shell was detected with a significance of ∼6σ. We also investigated the archival H i and CO data and detected an expanding shell structure in the velocity range of −10.5 and +1.8 km s −1 that is coinciding with a region of gamma-ray enhancement at the southern rim of the HB9 shell.
INTRODUCTION
Thermal composite or mixed-morphology supernova remnants (MM SNRs; Rho & Petre 1998) are characterised by radio shell with centre-filled X-rays. Recombining (overionized) plasmas (RPs) have been discovered from some MM SNRs (e.g. Yamaguchi et al. 2009; Sawada & Koyama 2012; Ergin et al. 2014; Suzuki et al. 2018; Katsuragawa et al. 2018) . Many of them have been also detected in gamma rays with energies ranging from GeV to TeV (e.g. Abdo et al. 2010; Albert et al. 2007 ). X-ray and gamma-ray studies of MM SNRs are important to address the questions about their relation with the interstellar medium (ISM), the physical origin of RPs (e.g. thermal conduction: Cox et al. index of Γ ∼ 2.35) models at a high energy band. Leahy & Aschenbach (1995) studied ROSAT data and presented the full ROSAT Position Sensitive Proportional Counter (PSPC) image of HB9. From this image, they concluded that HB9 has a centrally brightened X-ray emission. They also searched for the spatial variation and found that the column density is nearly constant across HB9 and the electron temperature of the outer regions is slightly lower than the central region. The X-ray temperature shows no strong spatial variation (Leahy & Aschenbach 1995) . This result with the radio/X-ray morphology indicates that the SNR HB9 belongs to the class of MM SNRs.
In the GeV gamma-ray band, Araya (2014) analysed 5.5 years of data collected by the Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope (Fermi) and detected extended gamma-ray emission centered at the position of HB9 with a significance of 16σ above 0.2 GeV. The radius of the disk-like extended gammaray source was found to be ∼1 degree and the spectrum was fit to a log-parabola function, defined as dN/dE = N0(E/E0) −(α+β ln(E/E 0 )) , with spectral indices of α = 2.2 ± 0.09 and β = 0.4 ± 0.1. Although HB9 was reported to be 'not detected' in the First Fermi-LAT Supernova Remnant Catalog (Acero et al. 2016) , it was listed as a new extended source, 4FGL J0500.3+4639e, in the Fourth Fermi-LAT sources (4FGL; The Fermi-LAT collaboration 2019a) catalog.
The closest compact source to HB9 is the pulsar PSR B0458+46/PSR J0502+4654 that is located within the radio continuum shell of the SNR (Krishnakumar et al. 2017 ). This pulsar is at a distance of 1.79 kpc and so far no gammaray emission has been detected from it. The closest pointlike gamma-ray sources, that are located outside the radioshell of HB9 were reported in the 4FGL catalog and the Fourth (4LAC; The Fermi-LAT collaboration 2019b) catalog of active galactic nuclei (AGNe): 4FGL J0503.6+4518, a blazar (GB6 J0503+4517), and 4FGL J0507.9+4647, an AGN named as TXS 0503+466.
In this paper, we explore the X-ray properties of the SNR HB9 using archival data of Suzaku (Mitsuda et al. 2007 ), which has a high spectral resolution and a low instrumental background. In addition, we re-analyse the Fermi-LAT data of HB9 collected over the span of about 10 years to map its morphology in greater detail and investigate overlapping regions of gamma-ray emission with the ambient atomic and molecular gas, as well as the RP emission. The organization of the paper is as follows: In Section 2, we describe the X-ray, gamma-ray, and atomic & molecular gas observations and the data reduction processes. In Section 3, we outline the data analysis procedure and results. We then discuss our results in the context of other MM SNRs showing RP emission in Section 4. Finally, we present our conclusions in Section 5.
OBSERVATIONS AND DATA REDUCTION

X-rays
Two pointing observations (the east and west) of HB9 were performed in September of 2014 (PI: T. Pannuti) with Xray imaging spectrometer (XIS; Koyama et al. 2007 ) on board Suzaku, as listed in Table 1 . We downloaded archival Suzaku data 1 and extracted the XIS data from XIS 0, 1, 3. Note that XIS0 and XIS3 are front-side illuminated (FI) CCDs, whereas XIS1 is a back-side illuminated (BI) CCD. In the reduction procedure and the analysis of the Suzaku data, we used headas software version 6.20 and xspec (Arnaud 1996) version 12.9.1 with the latest atomic database AtomDB v3.0.9 2 (Smith et al. 2001; Foster et al. 2012) . We generated redistribution matrix files and ancillary response files with the ftool xisrmfgen and xissimarfgen (Ishisaki et al. 2007 ), respectively. To extract XIS images and spectra we used xselect v2.4d. The spectra were rebinned with a minimum of 25 counts to allow the use of the χ 2 -statistic.
Gamma rays
The gamma-ray observations were taken from 2008-08-04 to 2018-11-14 . In this analysis, we made use of the analysis packages fermitools 3 version 1.0.1 and fermipy 4 version 0.17.4. Using gtselect of fermitools we selected Fermi-LAT Pass 8 'source' class and 'front+back' type events coming from zenith angles smaller than 90
• and from a circular region of interest (ROI) with a radius of 20
• centered at the SNR's radio location 5 . The Fermi-LAT instrument response function version P8R3−SOURCE−V2 was used. For mapping the morphology and searching for new sources within the analysis region, events having energies in the range of 1−300 GeV were selected. To deduce the spectral parameters of the investigated sources, events with energies between 200 MeV and 300 GeV were chosen.
CO, H i and radio continuum
We used archival 12 CO(J = 1-0) data sets obtained with the 1.2 m telescope at Harvard-Smithsonian Center for Astrophysics (CfA) using the position-switching technique (Dame et al. 2001) . The angular resolution is ∼8.8 arcmin. The sampling interval of the HB9 region is 0.
• 0625 for |b| < 2 • and 0.
• 25 for |b| > 2 • . The typical noise fluctuation is ∼0.05 K (|b| < 2
• ) or ∼0.14 K (|b| > 2 • ) at the velocity resolution of ∼1.3 km s −1 . The H i 21 cm line and radio continuum at 408 MHz and 1420 MHz are from the Canadian Galactic Plane Survey (CGPS; Taylor et al. 2003) , which were carried out at the Dominion Radio Astrophysical Observatory (DRAO). These datasets have been also published by Leahy & Tian (2007) . The angular resolution is 58 arcsec × 80 arcsec for H i; 2.8 arcmin × 3.9 arcmin for 408 MHz; 49 arcsec × 68 arcsec for 1420 MHz. The typical noise fluctuation of H i is ∼3 K at the velocity resolution of ∼0.82 km s −1 . The radio continuum images are noise limited with root-mean-square of ∼3 mJy beam −1 at 408 MHz and ∼0.3 mJy beam −1 at 1420 MHz. 
ANALYSIS AND RESULTS
Suzaku analysis & results
X-ray image
We display a ROSAT PSPC image of HB9 in the 0.2−2.4 keV energy band in the top panel of Fig. 1 . The contours correspond to radio observations 6 at 1420 MHz with the Synthesis Telescope (ST) of the DRAO. We also show 0.3−10.0 keV XIS1 images of the east and west regions of HB9 in the left and right bottom panels of Fig. 1 , respectively. To investigate the plasma parameters, we selected regions which are shown by the circles on these images.
Background estimation
We estimated the background spectra from the observational Suzaku data, IRAS 05262+4432. The observation log for the background (BGD) is presented in Table 1 . For the instrumental background (NXB: non X-ray background), we used xisnxbgen ftool (Tawa et al. 2008 ) and subtract it from the extracted spectrum. The X-ray background spectral model in our analysis includes four components: the Cosmic X-ray background (CXB), the local hot bubble (LHB) and two thermal components (LP: low temperature plasma and HP: high temperature plasma) for the Galactic halo (GH). Similar to Yamauchi & Koyama (1993) , the contribution of the Galactic ridge X-ray emission (GRXE) is negligible in our analysis, since it is located near the anti-center region.
We fit the spectra with this model: Abs1 × powerlawCXB + Abs2 × (apecHP + apecLP) + Abs3 × apecLHB. Abs1, 2, 3 represent the ISM absorption for CXB, GH and LHB, respectively. The apec is a collisional ionisation equilibrium (CIE) plasma model in xspec. We left the normalization parameters of each component free and fixed the electron temperature parameters of all components at the values were set by Masui et al. (2009) . The CXB component parameters are fixed to the values given by Kushino et al. (2002) .
Spectral fitting
In order to explore the X-ray spectral properties of HB9, we extracted XIS spectra from the east and west regions indicated with the outermost circles (radii of 5.3 and 6.4 arcmin) shown in Fig. 1 . We see emission lines of highly ionized O, Ne, Mg, Si and Fe-L below 2 keV.
We first examined XIS spectra of the west region by fitting with various single component models that include non-equilibrium ionization (NEI), vnei, plane-parallel shock model, vpshock, CIE, vmekal and vapec, RP model, VRNEI in xspec. Each model modified by the interstellar absorption model TBABS (Wilms et al. 2000) . They failed to account for the emission above 3.0 keV and did not give adequately good fits (reduced χ 2 >1.8). We subsequently fitted the spectra with a twocomponent model, NEI and CIE model, to better reproduce the spectra. However, this model did not provide a good fit to the data (reduced χ 2 = 1.5−1.8). We then applied RP and CIE model. The RP model has variable abundances (VRNEI in xspec), it corresponds to the spectrum of a NEI plasma after a rapid transition of the electron temperature from kTinit to kTe. In this fitting, the free parameters are the current electron temperature (kTe), initial temperature (kTinit), ionization time-scale (net), normalization, and abundances of O, Ne, Mg and Si relative to the solar values of Wilms et al. (2000) . For CIE component, the electron temperature and normalization are free parameters. The elemental abundances in the CIE component are fixed at the solar values. We also added narrow lines (Gaussian models) at 0.82 and 1.23 keV for the Fe-L lines. The two-component model, an RP and a CIE model, improve the fitting with reduced χ 2 /dof=1.09. We found that an initial temperature (kTinit ∼ 3.14 keV) larger than the final temperature (kTe ∼ 1.13 keV) indicates that the plasma is in the RP state. The fitting results are given in Table 2 . The spectra extracted from the west region are shown in Fig. 2 .
For the east region, we constrained above models and found that the spectra are best reproduced by the model consisting of the NEI and CIE components with reduced χ 2 /dof=1.11. The free parameters were the absorption column density (NH), electron temperature (kTe), ionization time-scale (net), normalisation and elemental abundances of O, Ne, Mg and Si. Those of the other elements are fixed to the solar values. We fixed kTinit to 0.0808 keV, which indicates that the plasma is in NEI condition. The all elements in the CIE component are fixed at the solar values. The NEI model requiring a low ionization time-scale and slightly enhanced abundance for Si. Fig. 2 shows the XIS spectra of the east region. The best-fitting parameters are reported in Table 2 . Next we examine the possible radial variations in the Xray spectral parameters by extracting the XIS spectra from the three concentric annulus regions both for the west and east regions (see the bottom panels of Fig. 1 ). Our analysis confirm the results of Leahy & Aschenbach (1995) that there are no significant variation of parameters, temperature, ionization time-scale (τ ) and metal abundances. In this fitting, we kept the NH values at its best-fitting value for the whole region.
Gamma-ray analysis & results
The background model
In the background model, the galactic (gll−iem−v7.fits) and the isotropic (iso−P8R3−SOURCE−V2−v1.txt) diffusion components, as well as all the sources from 4FGL catalog within the ROI were included.
With gtlike, we performed the maximum likelihood (Mattox et al. 1996) fitting on data that was binned within the selected energy and spatial ranges. During the fit, the normalization parameters of all the sources within 3
• ROI, as well as the diffuse emission components were left free. Specifically, we freed the normalization parameter of all sources with significance 7 > 20 and we fixed all parameters for sources with significance < 20. The parameters of all the Wilms et al. (2000) . † The unit is 10 −14 nen H dV /(4πd 2 ), where d is the distance to the source (in cm), ne and n H are the electron and hydrogen densities (in units of cm −3 ), respectively, and V is the emitting volume (in units of cm 3 ).
other sources were fixed to their 4FGL-catalog-mentioned values. • × 10 • analysis region, where the gamma-ray background model did not contain HB9. In this map, three relatively bright peaks (significance higher than 4σ) are visible. However, none of indicate that the null hypothesis (maximum likelihood value for a model without an additional source) is incorrect.
HB9 source morphology
these bright peaks coincide with the Suzaku observation regions depicted with the two yellow squares on Fig. 3 top-left panel. Using the extension method of the fermipy analysis package, we fit three different types of spatial models to the excess gamma-ray distribution found between 1 and 300 GeV: A Radial Disk model, Radial Gaussian model, as well as the spatial template of the 4850 MHz radio continuum data from the Green Bank telescope (Condon et al. 1994) (herewith Radio Template model). The extension method computes a likelihood ratio test with respect to the pointsource hypothesis and applies a best fit model for the extension. The best-fitted extension is found by performing a likelihood profile scan over the source width.
To find the significance of the extension measurement, we used the TS of the extension (TSext) parameter, which is the likelihood ratio comparing the likelihood for being a point-like source (Lpt) to a likelihood for an existing extension (Lext), TSext = -2log(Lext/Lpt). Table 3 shows the fit results of these extension models where each spatial model is tested with both power-law (PL) and a log-parabola (LP) type spectrum. Comparing the TSext values, we found that the Radio Template model is the best fitting extension model to the data with a TSext value of 109.
Testing for multiple gamma-ray point sources
We re-produced the TS map including the Radio Template model with an LP-type spectrum into the gamma-ray background model. In the TS map shown in Fig. 3 top-right panel, we found no excess gamma-ray emission from the direction of the pulsar PSR B0458+46/PSR J0502+4654. However, some gamma-ray excess remains to be visible outside the southeast region of the SNR's radio shell as shown in Fig. 3 top-right panel.
The excess gamma-ray emission seen on Fig. 3 top-left panel could be a result of three point-like gamma-ray sources rather than a single extended source. So, we used the iterative source-finding algorithm find−sources() in fermipy to search for the exact TS value and location of these pointsource candidates on the TS map. This algorithm takes the peak detection on a TS map to find new source candidates.
The algorithm identifies peaks with a significance threshold value higher than 5σ and taking an angular distance of at least 1
• .5 from a higher amplitude peak in the map. It orders the peaks by their TS values and adds a source at each peak starting from the highest TS peak. Then it sets the source position by fitting a 2D parabola to the log-likelihood surface around the peak maximum. After adding each 5σ source, it re-fits the spectral parameters of that source. With this algorithm we identified three new candidate point sources (PS J0457.9+4658, PS J0500.4+4542, PS J0506.5+4546) within the analysis region, two of which are located inside the Radio Template model of HB9. One source is located outside the SNR radio shell of HB9 (see Table 4 ). By adding all of these candidate point-like sources into the gamma-ray background model and excluding the best-fit extended model of HB9, the TS map in the bottom-right panel of Fig. 3 is obtained, which still shows some low-level gamma-ray excess within the radio shell of HB9.
To be able to compare the Radio Template model of HB9 with the model that contains only the three candidate point-like sources (herewith 3 Point Sources model), as well as other models, such as the Radio Template model plus a point-like source, PS J0506.5+4546 (herewith Radio Template + 1P.S. model), we implemented the Akaike Information Criterion (AIC) (Akaike 1998; Lande et al. 2012) for each model. AIC is given by the following equation:
where k is the number of estimated parameters in the model and L is the maximum value of the likelihood function for the model. The best source model is considered to be the one that minimizes the AIC value. So, ∆AIC = (AIC)1 − (AIC)m is used to compare the model yielding the maximum AIC value, the 3 Point Sources model with k=6 (given by the index value 1), with other models tested in this analysis. J0457.9+4658 and the Radio Template model. Both Radio Template + 2P.S. and Radio Template + 3P.S. models show significant improvement in describing the extended morphology of HB9 in terms of AIC. However, in both models the significance of the candidate point sources (PS J0457.9+4658 and PS J0500.4+4542) drop below 5σ. Therefore, these models were not considered further in the analysis. As a result, the Radio Template + 1P.S. model is the next best-fit model in describing the extended morphology of HB9 (see Table 5 ), where the Radio Template model represents the SNR HB9 (total TS∼616) and PS J0506.5+4546 is representing a point-like source outside the radio shell of HB9 (total TS∼30). When TS map is computed using this bestfit model inside the gamma-ray background model, we see no more excess gamma-ray emission from within the SNR (see bottom-right panel of Fig. 3 ).
Gamma-ray spectrum
During the extension measurements of HB9 (see Section 3.2.2), we used the following spectral models:
where E b is a scale parameter. Γ and (β, α) are spectral indices of the PL and LP spectral models, respectively. N0 is the normalization parameter. We also applied the PL model during the point-sources search in Section 3.2.3. These models were used again during the spectral measurements performed in the 200 MeV − 300 GeV energy range. The TS value of HB9 was found to be higher using the LP-type spectrum (TS = 627) in comparison to the PL-type spectrum (TS = 598). So, we continued the analysis using the LP-type spectral model for HB9.
Fitting the Radio Template+1P.S. model within the energy range of 200 MeV − 300 GeV resulted in the following spectral parameters for both sources:
• HB9 described by the Radio Template model: The LPspectral indices were found to be α = 2.36 ± 0.05 and β = 0.14 ± 0.05. The total flux and energy flux values were found to be (2.47 ± 0.12)×10 −8 cm −2 s −1 and (1.51 ± 0.08)×10
−5
MeV cm −2 s −1 for E b parameter fixed to 747 MeV.
• PS J0506.5+4546 described by a point-source model: The PL-spectral index was found to be Γ = -1.90 ± 0.19. The total flux and energy flux values were found to be (6.59 ± 3.47)×10
−10 cm −2 s −1 and (1.29 ± 0.38)×10 −6 MeV cm
For HB9, the spectral parameter α was found to be consistent with the one reported by Araya (2014) in the same energy range and it agreed with result given in the 4FGL source catalog (The Fermi-LAT collaboration 2019a). However, the β spectral parameter is found to be lower than the one (β = 0.4 ± 0.1) found by both Araya (2014) and (The Fermi-LAT collaboration 2019a).
CO and H i analysis results
Figs 4a and 4b show the distributions of H i and CO toward the SNR HB9 in the Galactic coordinates. We note that the radio continuum shell at 408 MHz shows a good spatial correspondence with H i and CO clouds at VLSR = −10.5 − +1.8 km s −1 , whose velocity range is roughly consistent with the previous study (Leahy & Tian 2007) . The synchrotron radio shell is nicely along the edge of H i clouds in northeast and south-west, while the CO clouds trace the eastern shell where the radio continuum is bright. These trends can be understood as the results of magnetic field amplification via the shock-cloud interaction (e.g. Inoue et al. 2009 Inoue et al. , 2012 Sano et al. 2010 Sano et al. , 2013 Sano et al. , 2017a , and hence both the H i and CO clouds likely associated with the SNR . Figs 4c and 4d show the position-velocity diagrams of H i and CO. We found a new H i shell expanding toward the SNR (see the dashed line in Fig. 4b ), whose spatial extent is roughly consistent with that of the SNR. The molecular cloud also shows the expanding motion similar to H i. This means that the expanding gas motion was possibly created by stellar winds or accretion winds from the progenitor system of the SNR (e.g. Sano et al. 2017b Sano et al. , 2018 Kuriki et al. 2018) , which gives alternative support for the physical association between the SNR shocks and the ISM. The minimum intensity spot corresponding to a geometric center of the expanding shell is l ∼ 159.
• 6 and VLSR ∼ −3.5 ± 2.0 km s −1 , respectively. Based on the Galactic rotation curve model from Brand & Blitz (1993) , the kinematic distance is calculated as a function of the radial velocity (Fig. 5) . We finally derive the kinematic distance of the H i expanding shell to be ∼0.6 ± 0.3 kpc.
DISCUSSION
We have presented the spectral analysis results for HB9 using data from two observation regions of Suzaku, east and west. We also investigated the morphology and spectral properties of gamma-ray data taken by Fermi-LAT and analysed archival H i/CO data of HB9. In the following, we discuss our results.
Properties of the X-ray emission from the remnant
Our spectral analysis shows that the X-ray plasma of both east and west Suzaku regions is dominated by thermal emission and concentrated below 5 keV. We found that the emission of the Suzaku west region is well reproduced by two thermal plasma, one is CIE plasma and the other is RP. The CIE plasma has solar abundances indicating that the plasma originates from ISM. The RP has slightly enhanced abundance of Si, which suggest the possible presence of SN ejecta.
On the other hand, the X-ray spectra of the Suzaku east region are well explained by two plasma model; a hightemperature in NEI (with kTe ∼ 0.97 keV) and a lowtemperature in CIE (with kTe ∼ 0.51 keV). The elemental abundance of Si in NEI component is slightly higher than the solar values indicating that the plasma is likely to be of ejecta origin.
We found that the electron temperature, kTe, is lower in the Suzaku east region than in the west region. We also found small variations in the absorbing column density, NH, which is higher in the Suzaku east region than in the west region.
Assuming a distance of 0.6 kpc to the remnant and using ne = 1.2nH, we estimated the density of the X-ray emitting gas from the normalization. We found the X-ray emitting gas densities to be ∼1.4f cm −3 for the Suzaku east and the west region, respectively, where f is the filling factor. We denoted by d0.6 the distance to the source in units of 0.6 kpc.
We also calculate the recombining age (trec = τrec/ne) to be ∼ 31 × 10 3 f 1/2 d 1/2 0.6 yr using the best-fitting recombination time-scale τrec and normalization listed in Table  2 .
Origin of the Recombining Plasma
In this subsection, we investigate the origin of the RP in the Suzaku west region. The rapid electron cooling may occur either by the adiabatic expansion (e.g. Itoh & Masai 1989; Shimizu et al. 2012) or the thermal conduction from cold clouds (e.g. Cox et al. 1999; Shelton et al. 1999) .
In the thermal conduction scenario, if an SNR shock collides with cold MCs, thermal conduction occurs between the SNR plasma and the cloud, the plasma electrons rapidly cool down and the plasma can recombine. But, there is no clear evidence of the SNR-MC interaction for HB9.
In the rarefaction scenario, the plasma cools rapidly when the shock breaks out of dense circumstellar matter (CSM) into rarefied ISM. We found that the ambient gas density in the Suzaku west region, which shows an RP, is lower than that in the east region. This result can simply be explained by the rarefaction scenario.
As already reported by Leahy & Aschenbach (1995) ; Leahy & Tian (2007) , ROSAT and radio observations show that HB9 has a centrally filled X-ray and shell-like radio 
Implications for progenitor of SNR HB9
We examine here the progenitor of HB9 based on the abundance pattern and environment.
(i) The abundance pattern provides clear signatures of the type of SN explosion: Type Ia SNe producing more irongroup elements, while CC SNe produce a large amount of O, Ne and Mg (e.g. Hughes et al. 1995; Vink 2012) . The Suzaku X-ray spectra of HB9 reveal line emission from O, Ne, Mg and Si at the soft energies below ∼2 keV and a notable absence of iron-group elements in the spectra (see Section 3.1).
(ii) It is usually assumed that SNRs evolve in denser environments are CC SNRs. As mentioned in Section 3.3, the SNR shell might be close to / expanding into dense material in the north-eastern/eastern side and on the southern side of HB9.
Considering the above properties, we favor a CC origin for HB9 and note that there is no clear evidence of an associated compact object or pulsar wind nebulae detected inside HB9. Figure 6. RP ages versus GeV spectral indices for recombining GeV SNRs from Suzuki et al. (2018) and HB9 from our work.
.
Gamma rays & the atomic and molecular environment
An extended source analysis of SNR HB9 testing three different extended emission models (Radial Disk, Radial Gaussian and Radio Template models), resulted in The Radio Template model being the best-fit model describing the extension of HB9. Considering the possibility that the gamma-ray morphology of HB9 could be a result of multiple point-like sources instead of a single extended source, we searched the gamma-ray data for point-sources by excluding the extended emission model of HB9 from the gamma-ray background in the energy range of 1-300 GeV. According to the Akaike information criterion, the best fitting morphological model is where the radio template of HB9 was fit together with the point-source (PS J0506.5+4546). PS J0506.5+4546 is found to be located outside the SNR's shell and its position is not coincident with the pulsar's (PSR B0458+46/PSR J0502+4654) position.
The spectral parameter α of HB9 measured within the energy range of 200 MeV -300 GeV was found to be consistent with the spectral results reported by Araya (2014) in the same energy range and they agreed with results given in the 4FGL source catalog (The Fermi-LAT collaboration 2019a), while the β parameter was measured slightly lower than the one reported by Araya (2014) and The Fermi-LAT collaboration (2019a).
Although MM SNRs are usually associated with regions of dense atomic and molecular material, in the case of HB9, no evidence of interaction with MCs has been reported. Nevertheless, we showed on the two bottom panels of Fig. 4 that the shell of the SNR is expanding both into atomic and molecular gas located on the southern, north-eastern and eastern sides of the radio shell of HB9. Therefore, it is possible that gamma rays are produced through the hadronic process through the illuminated-clouds scenario, where the accelerated high-energy protons escaping from the SNR's shell and penetrating into the densest regions of the ambient matter located on the eastern and southern sides of the remnant result in the production of neutral pions which eventually decay into gamma rays (Aharonian et al. 1996; Yamazaki et al. 2006; Fujita et al. 2009; Ohira et al. 2011 ). Fig. 7 shows the H i data obtained by DRAO (left panel) and CO data taken by the CfA 1.2 m telescope (Dame et al. 1987 ) (right panel) both of which are shown in the velocity range from −10.5 km s −1 to +1.8 km s −1 . In both of the panels of Fig. 7 , thin-red and bold-white gamma-ray contours indicate the gamma-ray distribution in the energy range of 0.2−300 GeV and 1−300 GeV, respectively. The bold-white gamma-ray contours overlap spatially with the denser regions of H i, particularly on the southern part of the SNR's shell, where we see enhancement in the gammaray emission (see Fig. 3 bottom-right panel and Fig. 7 ).
Using radio and gamma-ray data, Araya (2014) modeled the spectrum to find out the dominating gamma-ray emission scenario. It was concluded that the leptonic scenario, which is the emission of gamma rays from interaction of CMB photons with synchrotron-emitting electrons, is more likely due to the resulting physical parameters being consistent with X-ray measurements. In this scenario, electrons were also assumed to be the source of radio emission seen from the SNR. The bremsstrahlung and hadronic scenarios were found to be less likely due to the fact that they require high density material to interact with. However, in this work we show that the shell of the SNR might be expanding into dense material on the southern and southeastern/eastern sides of the SNR. This shows the need to repeat the multi-waveband modeling of the spectrum of HB9 using the recent gas and gamma-ray data. This is the topic of the next paper which we are planning. In both panels, the overlaid thin-red gamma-ray contours are produced in the energy range of 0.2−300 GeV and they correspond to TS = 25, 49, 64, 81, 100. The bold-white gamma-ray contours are produced in the energy range of 1−300 GeV and they correspond to TS = 16,25. Also in both panels, the locations of 4FGL catalog sources are shown with white '+' markers and the three gamma-ray point-source candidates are shown with yellow diamond markers.
CONCLUSIONS
In this paper, we have investigated the X-ray and gammaray properties of the SNR HB9 based on Suzaku and Fermi-LAT observations. We have also presented analysis of both the CO and H i data to understand the connection between HB9 and its close environment. The main conclusions of our study can be summarized as follows;
• Our X-ray spectral analysis suggests that the plasma of both western and eastern Suzaku observation regions require two thermal components. We found that the plasma of the western Suzaku region is in a recombining phase and concluded that the rarefaction scenario is possible explanation for the existence of RP found in this region.
• About 10 years of gamma-ray data were analysed using the most recent (4FGL) Fermi-LAT gamma-ray point source catalog, where HB9 was reported as an extended source. Three extended gamma-ray emission models (Radial Disk, Radial Gaussian and Radio Template) were tested in the 1-300 GeV energy range and the best-fit extended source model was found to be the Radio Template model that uses the 4850 MHz radio continuum map as a spatial model to describe the gamma-ray morphology.
• We selected the best-fit gamma-ray source model by comparing several different gamma-ray models including the Radio Template model, the 3 Point Sources model, as well as combining the Radio Template model with different number of point-sources. By implementing the Akaike information criterion, it was found out that the Radio Template+1P.S. model best describes the gamma-ray distribution related to HB9. So, in the Radio Template+1P.S. model, the Radio template model represents HB9 as an extended gammaray source, while PS J0506.5+4546 is found to be as the point source right outside the extended region of HB9. These two sources are probably physically not related to each other. Moreover, the Radio Template model for HB9 drops the significance of PS J0457.9+4658 and PS J0500.4+4542 below 5σ demonstrating that a single extension model is sufficient to characterize the gamma-ray emission morphology of HB9. PS J0506.5+4546 does not spatially correlate with the pulsar PSR B0458+46/PSR J0502+4654.
• From the spectral analysis performed in the energy range of 0.2−300 GeV by applying the Radio Template+1P.S. model, HB9 was detected with a significance of ∼25σ and PS J0506.5+4546 having a powerlaw type of spectrum was detected with a significance of ∼6σ. The spectral properties of HB9 were found to be in agreement with the results reported by Araya (2014) and The Fermi-LAT collaboration (2019a).
• We investigated the archival H i and CO data, where we detected an expanding shell structure in the velocity range of −10.5 and +1.8 km s −1 that is spatially coinciding with a gamma-ray enhanced region located at the southern rim of HB9. H i and CO analysis revealed an expanding gas motion, whose spatial extend is roughly correlated with that of the SNR. This motion could be a result of stellar winds or accretion winds of the progenitor system. The distance was found to be 0.6 ± 0.3 kpc. The RP emission is detected at a region with relatively lower ambient density.
• We showed in this work that the shell of HB9 might be associated with dense clouds, in particular on the south region of the SNR shell. This association may reveal hadronic gamma rays, although previously it was reported that the leptonic scenario may be dominating over the hadronic gamma-ray emission model (Araya 2014) . We are going to prepare a second paper including the modeling of the multi-wavelength spectrum in order to understand the contribution of hadronic scenario to the overall gamma-ray emission in HB9.
